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Background: This study extends previous investigations of global and regional 
myocardial blood flow during early postcardioplegia reperfusion. The hypoth- 
esis tested is that coronary vascular regulation becomes abnormal within 3 
minutes after the start of postcardioplegia reperfusion. Methods: Pigs (n = 40) 
were supported by cardiopulmonary b pass and 38°C blood cardioplegic 
solution was infused. A control preischemic microsphere injection (No. 1) was 
given in asystolic hearts. Groups 1 to 3 had 1 hour of hypothermic cardioplegic 
arrest. Group 4 (control group) had I hour of perfusion without cardioplegia. 
A blood cardioplegic solution at 38 ° C and 70 mm Hg pressure was infused to 
maintain asystole during the initial 7 to 10 minutes of reperfusion in all 
groups. Left ventricular intracavitary pressures were set at 0, 10, 20, or 0 mm 
Hg in groups 1, 2, 3, and 4 (n = 10 pigs per group), respectively, during the 
initial 7 minutes of reperfusion. The v ntricle was then decompressed. At 30 
seconds, 3 minutes, and 6 minutes after eperfusion, microsphere injections 2, 
3, and 4 were given in asystolic hearts. Microsphere injection No. 5 was given 
10 minutes after reperfusion in beating vented hearts. Results: (1) Left 
ventricular distention during the initial 7 minutes of reperfusion after hypo- 
thermic ardioplegic arrest attenuates postischemic hyperemia. (2) Left ven- 
tricular intracavitary pressure of 20 mm Hg during reperfusion causes a 
decrease in endocardial blood flow relative to epicardial blood flow at 6 
minutes after reperfusion. (3) Global myocardial blood flow during postcar- 
dioplegia reperfusion falls significantly below preischemic ontrol values 
despite the return of electromechanical activity. Inference: Coronary vascular 
regulation (i.e., coronary resistance and metabolic flow recruitment) becomes 
abnormal within 3 minutes after the start of reperfusion after hypothermic 
blood cardioplegic arrest. (J Thorac Cardiovasc Surg 1996;112:1054-63) 
M any factors affect global myocardial blood flow and regional blood flow distribution. Heart 
rat@ heart rhythm (e.g., ventricular fibrillation or 
asystole), a-5 time during postischemic reperfusion, 6 
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adequacy of myocardial protection during car- 
dioplegic arrest, 7 aortic root pressure, s and left 
ventricular cavitary pressure during postcardiople- 
gia reperfusion 9' lo have all been shown to influence 
global and regional myocardial blood flow. More 
recently, studies of coronary endothelium have doc- 
umented the important influence that these cells 
have on the myocardial vasculature. These studies 
have shown that endothelial function is deranged 
after cardioplegic arrest and reperfusion. 11-14 
Our laboratory previously examined the effect of 
postcardioplegia reperfusion rhythm on myocardial 
blood flow using an in situ porcine model. 15 In this 
experiment, global myocardial blood flow decreased 
below preischemic control evels during the initial 15 
minutes of reperfusion. Furthermore, myocardial 
blood flow did not respond to the resumption of 
electromechanical activity (i.e., reperfusion ventric- 
ular fibrillation or an organized rhythm) after 3 
minutes of reperfusion. It was inferred from these 
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Fig. 1. The experimental protocol is summarized in this diagram. Microsphere injection No. 1 was given 
during infusion of a 38 ° C cardioplegic solution that produced asystole. In groups 1 to 3, there was 1 hour 
of hypothermic cardioplegic arrest followed by controlled reperfusion. Group 4 did not have an ischemic 
interval. Immediately before reperfusion, a balloon was inserted into the left ventricle in all four groups. 
The balloon was inflated to 0, 10, 20, or 0 mm Hg, respectively, for groups 1 to 4. All four groups were 
reperfused with 38°C blood cardioplegic solution. At 30 seconds, 3 minutes, and 6 minutes after 
reperfusion, microsphere injections 2, 3, and 4 were given. At 7 minutes after the start of reperfusion, the 
balloon was removed and replaced with a venting catheter. Microsphere injection No. 5 was given after 10 
minutes of reperfusion in beating vented hearts. The experiment was terminated at 20 minutes after 
reperfusion. CPB, Cardiopulmonary b pass;AS, asystole; CP an'est, cardioplegic arrest; Lid, left ventricular. 
data that reperfusion after hypothermic cardioplegic 
arrest caused coronary vascular regulation to be- 
come abnormal within 3 minutes after the start of 
postcardioplegia reperfusion. 
The present study is intended to confirm and 
extend the aforementioned study by determining the 
effect of left ventricular distention on myocardial 
blood flow during the initial 20 minutes of postcar- 
dioplegia reperfusion. The hypothesis is that coro- 
nary vascular egulation becomes abnormal within 3 
minutes after the start of  postcardioplegia reperfu- 
sion. 
Methods 
Experimental design. Postcardioplegia reperfusion was 
studied in an intact porcine model during cardiopulmo- 
nary bypass as outlined in Fig. 1. All animals in this study 
received humane care in compliance with the "Principles 
of Laboratory Animal Care" formulated by the National 
Society for Medical Research and the "Guide for the Care 
and Use of Laboratory Animals" prepared by the Institute 
of Laboratory Animal Resources and published by the 
National Institutes of Health (NIH Publication No. 93-23, 
revised 1985). 
The methods used in this study are similar to those used 
in a previous study from this laboratory. 15 Forty pigs of 
both sexes were intubated and mechanically ventilated. A
median sternotomy was performed and the heart was 
cannulated for cardiopulmonary b pass. The cardiopul- 
monary bypass circuit consisted of a bubble oxygenator 
(Bentley-5 oxygenator, American Bentley Corp., Irvine, 
Calif.), crystalloid priming solution, and a calibrated roller 
pump to deliver a systemic flow of 2.0 to 2.2 L/min per 
square meter at 38°C and 1.8 to 2.0 L/min per square 
meter at 30 ° C. A catheter was placed approximately 2 cm 
into the coronary sinus for blood sampling. A purse-string 
suture was placed into the apex of the left ventricle for 
venting during ischemia and for placement of a highly 
compliant latex balloon into the cavity of the left ventricle 
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Table I. Composition of blood cardioplegia (BCP) 
solutions 
BCP solution I BCP solution H 
K + (retool/L) 8-10 22-25 
pH 7.7-7.8 7.7-7.8 
Ca++ (retool/L) 0.5-0.7 0.5-0,7 
Osm (mOsm/kg) 340-360 340-360 
Crystalloid component: KCI (2 mmol/ml) 5 ml or 20 ml; tromethamine (0.3 
mol/L) 100 ml; citrate-phosphate-dextrose 25 ml; 1:4 ratio of 5% dextrose 
to normal saline solution (275 ml). 
during reperfusion. In the aortic root, an infusion cannula 
with a pressure monitoring port (cannula model 33009, 
DLP, Inc., Grand Rapids, Mich.) was placed and con- 
nected to a calibrated roller pump that was linked to a 
data acquisition system via an optical tachymeter (model 
8200-50, Cole-Parmer, Chicago, Ill.). 
The pigs were supported with cardiopulmonary b pass 
at 38 ° C and the left ventricle was vented. The aorta was 
clamped and warm (38 ° C) blood cardioplegic solution 
developed by Buckberg 16 (solution II; Table 1) was in- 
fused into the aortic root at a mean pressure of 70 mm Hg. 
After the heart became asystolic and aortic root flow 
stabilized, the first microsphere injection (15 /xm micro- 
spheres) was administered into the clamped aortic root. 
The aortic clamp was removed 20 seconds after the 
microsphere injection was completed. Tfie systemic per- 
fusate temperature was then decreased to 30 ° C. When 
the heart regained a normal sinus rhythm, the aorta was 
agai n clamped and cold (4 ° C) cardioplegic solution II was 
administered at a mean aortic pressure of 70 mm Hg for 
3 minutes. Topical saline slush was placed around the 
heart. Twenty and 40 minutes after the onset of cardiople- 
gic arrest, cold blood cardioplegic solution I (Table I) was 
given for 1 minute at a mean pressure of 70 mm Hg. 
Groups 1, 2, and 3 (n = 10 pigs per group) had 60 minutes 
of hyp0thermic cardioplegic arrest. Group 4 (n = 10 pigs) 
did not receive cold blood cardioplegic solution. Instead, 
they had 60 minutes of controlled normothermic perfu- 
sion using oxygenator-derived blood without an ischemic 
interval. 
Just before the onset of reperfusion, the vent was 
removed and a latex balloon that was highly compliant 
within the volume range required was inserted into the left 
ventricle. The left ventricular intracavitary pressure was 
set at 0, 10, 20, or 0 mm Hg for groups 1, 2, 3, and, 4 
respectively, by inflating the balloon to the required 
pressure with air. 
All hearts underwent controlled reperfusion with 
warm (38 ° C) blood cardiopiegic solution I at a mean 
pressure of 70 mm Hg into the clamped aortic root. 
This maintained asystole throughout the initial 7 min- 
utes of reperfusion. The latex balloon was removed 
after 7 minutes of reperfusion and the venting catheter 
was replaced to decompress the left ventricle. After the 
7-minute controlled infusion of warm blood cardioplegic 
solution was completed, unmodified oxygenator-derived 
blood was perfused through the heart at a mean pressure of 
70 mm Hg. Ventricular pacing at a cycle length of 1000 msec 
was started 30 seconds before the final microsphere injection 
if the heart remained asystolic at 9 minutes and 30 seconds 
after the start of reperfusion. 
At 30 seconds, 3 minutes, and 6 minutes after reperfu- 
sion, microsphere injections 2, 3, and 4 were given to 
asystolic hearts. Microsphere injection No. 5 was given at 
10 minutes after reperfusion in beating vented hearts. 
Blood samples from the aortic root and from a catheter 
in the coronary sinus were collected before cardiopulmo- 
nary bypass, during cardiopulmonary b pass, and at spe- 
cific intervals during the 20 minutes of reperfusion. 
Experimental variables. The biochemical variables 
measured in this study included aortic root and coro- 
nary sinus blood gases, Oxygen contents, hemoglobin 
saturations, hemoglobin contents, electrolyte concen- 
trations, and lactate concentrations. Oxygen content 
was measured with a Lex-O2-Con device (Hospex Fi- 
beroptics, Inc., Chestnut Hill, Mass.). Blood gas deter- 
minations were made with a Ciba-Corning model 238 
pH/blood gas analyzer (Ciba-Corning Diagnostics Ltd., 
Halstead, Essex, United Kingdom), and hemoglobin 
saturation was measured with an IL model 282 Co- 
Oximeter (Instrumentation Laboratories, Inc., 
Norcross, Ga.). Lactate determinations were made with 
a COBAS-FARA II analyzer (Roche Diagnostic Sys- 
tems, Montclair, N.J.). 
The hemodynamic variables included systemic arterial 
and aortic root blood pressures (phasic and mean) and left 
ventricular intracavitary pressures (mean). Other mea- 
sured variables included (1) iimb lead electrocardiogram, 
(2) myocardial septal temperature (model NTM-100, Dig- 
ital Thermometer, Webster Laboratories, Inc., Baldwin 
Park, Calif.), (3) bypass flow rate (calibrated roller pump), 
and (4) myocardial tissue weights (obtained post mortem). 
The electrophysiologic and pressure signals were ampli- 
fied (amplifier models 20-4615-58 and 13-G4615-64A, 
Gould Electronics, Cleveland, Ohio) and digitized at a 
rate of 1.0 kHz per channel. Data were stored on hard disk 
or optical disk for subsequent analysis (CODAS software; 
DATAQ, Inc., Akron, Ohio). 
Derived variables included myocardial arterial-coro- 
nary sinus oxygen content difference, myocardial oxygen 
consumption, and myocardial lactate gradient. 
Regional myocardial blood flow distribution. The re- 
gional blood flow determinations were made by cutting 
the entire heart into 129 sections of myocardium. Sections 
from the left ventricular apex that were within or imme- 
diately adjacent to the apical vent purse-string suture were 
discarded. The sections from the left ventricular free wall 
and ventricular septum were divided into subepicardial, 
midmyocardial, and subendocardial sections of equal 
thickness. The sections from the right ventricle were 
divided into subepicardial and subendocardial sections 
only. The section were weighed and then assayed for 
gamma emission (model 1282 CompuGamma gamma 
counter, LKB-Wallac, Turku, Finland). Raw counts were 
converted to individual isotope counts by the matrix 
inversion method. Regional blood flows were calculated 
from the measured aortic root flow, tissue weight, and 
individual isotope counts. 
Statistical analysis. The data were analyzed with 
SAS-PC software (SAS Institute, Inc., Cary, N.C.) and 
then displayed with Sigma Plot software (Jandel Scientific, 
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Tab le  I I .  Global myocardial blood flow (by calibrated pump) 
Group Before ischemia 30 sec 
Repelfusion (% control +- SD) 
3 rain 6 rain 10 rain 15 rain 20 rain 
1 (0 mm Hg) 100% 159 ± 26*5. 
2 (10 mm Hg) 100% 143 _+ 167 
3 (20 mm Hg) 100% 107 ± 10 
4 (0 mm Hg, no insert) 100% 92 ± 11 
65 -+ 75. 56 ± 75. 51 ± 6? 47 -+ 55. 53 ~ 55. 
96 -+ 26 63 -+ 65. 51 ± 45. 47 -+ 45. 53 + 85. 
60 -+ 61" 51 + 55. 48 _+ 55. 46 ± 4? 49 + 55. 
82 -+ 15 84 ± 11§ 82 ± 10~ + 84 -+ 9:) 94 -+ 115 
Up < 0.05, group 1 versus groups 3 and 4. 
?p < 0.05 versus control. 
Sp < 0.05, group 4 versus groups l, 2, and 3. 
§p < 0.05, group 4 versus groups 1 and 3. 
Tab le  I I I .  Left ventricular f ee wall endocardial blood flow (measured by microsphere method) 
Repetfusion (% control +_ SD) 
Group Before ischemia 30 sec 3 rnin 6 rnin 10 min 
1 (0 mm Hg) 100% 157 _+ 15" 63 _+ 6* 62 + 7* 47 _+ 6* 
2 (10 mm Hg) 100% 125 _+ 13 88 ± 25 60 ± 5* 36 _+ 3* 
3 (20 mm Hg) 100% 92 _+ 14:) 47 _+ 5* 39 _+ 5* 38 _+ 4* 
4 (0 mm Hg, no ischemia) 100% 81 _+ 18:) 80 _+ 22 98 _+ 22? 71 ± 12"? 
~p < 0.05 versus control. 
tp < 0.05, group 4 versus groups 1, 2, and 3. 
.~p < 0.05 versus group 1. 
Tab le  IV. Left ventricular f ee wall epicardial blood flow (measured by microsphere method) 
Repelfusion (% control +_ SD) 
Group Before ischemia 30 sec 3 rnin 6 rain 10 rain 
1 (0 mm Hg) 100% 145 ± 21 70 ± 6* 56 -+ 6* 59 -+ 4" 
2 (10 mm Hg) 100% 121 ± 13 94 ± 20 62 +- 5* 58 ± 4* 
3 (20 mm Hg) 100% 101 ± 8 65 _+ 5* 54 ± 5* 56 _+ 6* 
4 (0 mm Hg, no ischemia) 100% 96 _+ 15:) 86 ± 18 73 ± 12 86 _+ 13? 
*p < 0.05 versus control. 
l-p < 0.05, group 4 versus groups 1, 2, and 3. 
:)p < 0.05 versus group 1. 
Tab le  V. Endocardial/epicardial blood flow ratios (measured by microsphere method) 
Reperfusion (% control +_ SD) 
Group Be COre ischemia 30 sec 3 min 6 rain 10 rain 
1 (0 mm Hg) 100% 115 ± 8 94 -+ 9 114 _+ l l  79 -2-_ 7* 
2 (10 mm Hg) 100% 106 _+ 7 89 _+ 4* 97 + 5 62 _+ 3* 
3 (20 mm Hg) 100% 90 ± 8 72 _+ 5* 73 2 6*? 70 ± 5* 
4 (0 mm Hg, no ischemia) 100% 82 ± 12t 88 _+ 12 132 _+ 17 86 _+ 9 
*p < 0.05 versus control. 
i"p < 0.05 versus group 1. 
Cor te  Madera ,  Calif.). Statist ical compar i sons  were  made 
with analysis des igns conta ined  in the  Means  and  the 
Genera l  L inear  Mode ls  p rocedures  of  SAS-PC.  Duncan 's  
mul t ip le  range  test  was used  to scan the var iab les  for 
s ignif icant d i f ferences between groups  at any  given sample  
t ime.  A least -squares  means  test  was used to evaluate 
specif ic p rep lanned compar i sons  between groups.  Wi th in -  
g roup  compar i sons  to contro l  va lues  were per fo rmed with 
a pa i red  S tudent ' s  t test. The  level of  s ignif icance chosen  
for this s tudy was a p va lue of  less than  0.05. 
1058 Ferguson et al. 
The Journal of Thoracic and 
Cardiovascular Surgery 
October 1996 
_ 
"O 
O o 
A3 
"0 
O 
E 
v 
0) 
O ¢- 
~3 
C 
_ 
4-  
2 -  
0 i 
/ 
i 
• Group 1 (0 mmHg)  
v Group 2 (10 mmHg) 
• Group 3 (20 mmHg) 
[] Group 4 (Cont ro l )  
I I I I I I I I I I I I 
Reperfusion 
Fig. 2. Myocardial arteriovenous oxygen content difference (AV02) for groups 1 to 4 calculated before 
cardioplegic arrest and during reperfusion. 
Resu l ts  
Myocard ia l  b lood  f low d is t r ibut ion  
Within-group comparisons. In group 1, global 
myocardial blood flow at 30 seconds after reperfu- 
sion was significantly greater than the preischemic 
global blood flow. The increased flow at 30 seconds 
after reperfusion was followed by a decrease in flow 
during the remaining 20 minutes of reperfusion 
(Table II). In groups 1 and 3, global myocardial 
blood flow beginning 3 minutes after reperfusion 
was significantly lower than control values obtained 
before ischemia. Global myocardial blood flow in 
group 2 fell significantly below the control value at 6 
minutes after reperfusion. Global myocardial blood 
flow in group 4 (no ischemic interval or distention) 
during reperfusion was slightly reduced from the 
preischemic flow; however, this decrease did not 
attain statistical significance (Table II). 
Between group comparisons of global myocardial 
blood flow. Global myocardial blood flow at 30 
seconds after reperfusion was significantly greater in 
group 1 (0 mm Hg left ventricular intracavitary 
pressure) than in group 3 (20 mm Hg left ventricular 
intracavitary pressure) or in group 4 (no ischemic 
interval and no distention). Intergroup comparisons 
failed to demonstrate any significant differences in 
global myocardial blood flow among groups 1, 2, and 
3 beginning 3minutes after the onset of reperfusion. 
However, the global myocardial blood flow for 
groups 1, 2, and 3 was significantly less than for 
group 4 at 10, 15, and 20 minutes after the onset of 
reperfusion (Table II). 
Within-group and between-group analysis of re- 
gional blood flow data. The pattern of decreasing 
myocardial blood flow during reperfusion oted by 
the analysis of global myocardial blood flow was also 
seen in the analysis of regional blood flow data (i.e., 
endocardial and epicardial flows for the left ventric- 
ular free wall) (Tables III and IV). 
An effect of left ventricular distention on regional 
blood flow distribution was found. Between-group 
comparisons showed that endocardial blood flow was 
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Fig. 3. Myocardial oxygen consumption during postcardioplegia reperfusion was measured and then 
expressed as a percentage of the preischemic control value. 
significantly lower in groups 3 and 4 at 30 seconds after 
reperfusion than in group 1 (Table III). Furthermore, 
the endocardial/epicardial flow ratio was significantly 
lower in group 3 than in group 1 at 6 minutes after 
reperfusion (Table IV). Comparison of the endocar- 
dial/epicardial flow ratios for groups 1 and 3 at 30 
seconds and 3 minutes after reperfusion showed lower 
ratios in group 3. However, these statistical compari- 
sons did not attain significance (p = 0.057 and p = 
0.052 for each comparison). 
Within-group comparisons of left ventricular free 
wall endocardial and epicardial blood flow showed 
that by 6 minutes after reperfusion, regional myo- 
cardial blood flows for groups 1, 2, and 3 were 
significantly less than the control values obtained 
before cardioplegic arrest. 
Oxygen consumption. Arterial-coronary sinus 
oxygen content differences were similar in groups 1 
to 4 throughout reperfusion (Fig. 2). Myocardial 
oxygen consumption was less than preischemic oxy- 
gen consumption during the initial 5 minutes of 
reperfusion. This difference, however, did not attain 
statistical significance. Myocardial oxygen consump- 
tion gradually increased uring the remainder of 
reperfusion (Fig. 3). An analysis of the myocardial 
oxygen consumption data during the 20 minutes of 
reperfusion did not show any significant between- 
group differences. 
Lactate gradient. An analysis of the transmyocar- 
dial lactate flux did not show any significant differ- 
ences among groups 1 to 3 during the study (Fig. 4). 
The transmyocardial l ctate gradient in group 4 was 
relatively constant hroughout he study. Lactate 
washout was complete within 3 minutes after the 
start of reperfusion. 
Electrolyte data (sodium, potassium, and calci- 
um). Sodium and calcium concentrations in the 
aortic root during the initial 6 minutes of reperfu- 
sion were significantly lower in all groups than the 
prebypass control values. Ten minutes after the 
onset of reperfusion, aortic root sodium and calcium 
concentrations were similar to prebypass values. 
Potassium concentrations in the aortic root were 
significantly higher than prebypass control values 
during the initial 6 minutes of postcardioplegia 
reperfusion (Fig. 5). Potassium concentrations in
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Fig. 4. Measurement oftransmyocardial l ctate gradient (aortic lactate - coronary sinus lactate concen- 
trations) confirmed myocardial lactate production during hypothermic cardioplegic arrest. There were no 
significant differences among the three experimental groups during postcardioplegia reperfusion. 
the aortic root were at the prebypass control evel by 
10 minutes after reperfusion. 
Discuss ion  
The hypothesis of the present study is that coro- 
nary vascular egulation becomes abnormal within 3 
minutes after the start of postcardioplegia reperfu- 
sion. The hypothesis was tested by examining the 
response of the coronary circulation to 7 minutes of 
left ventricular distention during the initial 20 min- 
utes of reperfusion after hypothermic blood car- 
dioplegic arrest. Findings include the following: (1) 
Left ventricular distention attenuated hyperemia 
after hypothermi¢ eardioplegic arrest, (2) left ven- 
tricular distention during asystolic reperfusion 
caused a significant decrease in the endocardial/ 
epicardial blood flow ratio at 6 minutes after reper- 
fusion; (3) global myocardial blood flow progres- 
sively decreased uring the initial 20 minutes of 
postcardioplegia reperfusion in distended and in 
nondistended hearts; and (4) after 3 minutes of 
reperfusion, global myocardial blood flow was sig- 
nificantly less than preischemic blood flow despite 
the return of electromechanical ctivity during 
reperfusion. 
Increasing myocardial vascular esistance during 
the initial minutes of postcardioplegia reperfusion 
has now been observed in two animal studies from 
this laboratory. These two laboratory studies corrob- 
orate postcardioplegia global myocardial blood flow 
data obtained by Digerness and associates 17in hu- 
man beings during coronary bypass grafting opera- 
tions. 
In the present study the onset of electromechan- 
ical activity did not elicit a blood flow response in 
experimental groups 1 through 3, suggesting that 
metabolic flow recruitment is abnormal after hypo- 
thermic blood cardioplegic arrest. This inference 
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Fig. 5. The arterial (i.e. aortic root) potassium during the experiment did not vary significantly among 
experimental groups 1 to 3 before ischemia nd during reperfusion. Washout was complete within 10 
minutes after initiating reperfusion. 
regarding metabolic flow recruitment is supported 
by the finding that ventricular distention decreases 
the endocardial/epicardial blood flow ratio. Prior 
work by Domenech showed that diastolic ventricular 
hypertension (i.e., a ventricular intracavitary pres- 
sure from 35 to 45 mm Hg) produces a transmurally 
homogeneous increase in left ventricular blood flow 
when coronary autoregulation is intact. However, 
diastolic ventricular hypertension results in a de- 
crease of subendocardial blood flow relative to sub- 
epicardial blood flow after coronary autoregulation 
is abolished. 18 
An increase in myocardial vascular esistance and 
the inability of the heart to modulate blood flow 
according to metabolic demand uring the initial 10 
to 20 minutes of postcardioplegia reperfusion may 
be important factors in postcardioplegia reperfusion 
injury. However, the questions of whether metabolic 
flow recruitment is abnormal during postcardiople- 
gia reperfusion and how long it remains abnormal 
during postcardioplegia reperfusion remain open. 
Other investigators have shown that metabolic flow 
recruitment is intact 45 minutes after reperfusion i  
asanguineously perfused, isolated rabbit hearts. 19' 2o 
Additional experiments are required to clarify these 
issues. 
The mechanisms for the observed increase in 
coronary vascular resistance and insensitivity to 
myocardial metabolic demand during postcar- 
dioplegia reperfusion have yet to be elucidated. 
Myocardial edema may play a role in increasing 
coronary vascular resistance by direct compres- 
sion of small coronary vessels. The changes in 
resistance occur so rapidly during reperfusion, 
however, that this mechanism seems unlikely, and 
the presence of edema alone should not affect the 
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response of the coronary vasculature to changes in 
metabolic demand. Moreover, other investigators 
have not found myocardial edema to be responsi- 
ble for increased vascular esistance in the setting 
of ischemia-reperfusion injury. 19' 2o 
An alternative xplanation for these findings is 
endothelial injury that occurs after cardioplegic 
arrest and reperfusion. Attention has recently been 
focused on the role of endothelial cells in modulat- 
ing vascular smooth muscle activity and myocardial 
vascular esistance. Ischemia-reperfusion injury 19-22 
and cardioplegic arrest with reperfusion TM 12 have 
been shown to impair endothelium-dependent vaso- 
dilation. It is possible that the adverse effects of 
ventricular distention during reperfusion are medi- 
ated by endothelial dysfunction in myocardial resis- 
tance vessels. 
Current work that links myocardial ischemia and 
reperfusion to the generation of free radicals is 
particularly intriguing as an explanation for postcar- 
dioplegia endothelial injury. Over the past several 
years, a strong association has been developed be- 
tween ischemic myocardial injury and an excess 
production of reactive oxygen species (e.g., super- 
oxide, hydrogen peroxide, and hydroxyl radical). 
More recently, it has been observed that superoxide 
reacts rapidly with nitric oxide, an endothelium- 
derived relaxation factor whose production is in- 
creased uring myocardial ischemiaY This reaction 
not only impairs coronary autoregulation by elimi- 
nating the vasorelaxant action of nitric oxide but 
also yields the potent secondary oxidant peroxyni- 
trite.24, 2s 
Further investigation of this putative mechanism 
for the genesis of ischemia-reperfusion-induced en- 
dothelial injury and loss of autoregulation is worth- 
while, because it may be possible to diminish the 
generation of oxyradicals, including peroxynitrite, 
during reperfusion. 26Decreasing the generation of 
oxyradicals, and thus decreasing the loss of the 
native vasodilator nitric oxide, may preserve more 
normal microvascular function and ameliorate post- 
cardioplegia reperfusion injury. 
As the next step in evaluating this postulated 
mechanism for postcardioplegia reperfusion injury, 
we are evaluating the effects of ischemia duration on 
global myocardial blood flow during postcardiople- 
gia reperfusion. Measurements of the extents of 
superoxide production, loss of nitric oxide-depen- 
dent vasorelaxation, and peroxynitrite tissue injury 
in a porcine model of cardioplegic arrest and reper- 
fusion are underway. 
We thank David C. Naftel, PhD, for his help in the 
statistical analysis of these data, and Bruce A. Freeman, 
PhD, for his assistance with the interpretation of the 
experimental results. 
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